Because hepatic steatosis appears first in NAFLD animal models, the current therapy development focuses on inhibition of hepatic steatosis, suggesting that further steps of NAFLD will be also inhibited. In this report, we show that the first event of NAFLD is liver proliferation, which drives fibrosis in NAFLD. We have deleted a strong driver of liver proliferation, gankyrin (Gank), and examined development of NAFLD in this animal model under conditions of a high-fat diet (HFD). We found that proliferating livers of wild-type mice develop fibrosis; however, livers of Gank liver-specific knockout (GLKO) mice with reduced proliferation show no fibrosis. Interestingly, an HFD causes the development of strong macrovesicular steatosis in GLKO mice and is surprisingly associated with improvements in animal health. We observed that key regulators of liver biology CCAAT/enhancer binding protein α (C/EBPα), hepatocyte nuclear factor 4α (HNF4α), p53, and CUG repeat binding protein 1 (CUGBP1) are elevated due to the deletion of Gank and that these proteins support liver functions leading to healthy conditions in GLKO mice under an HFD. To examine the role of one of these proteins in the protection of liver from fibrosis, we used CUGBP1-S302A knockin mice, which have a reduction of CUGBP1 due to increased degradation of this mutant by Gank. These studies show that reduction of CUGBP1 inhibits steatosis and facilitates liver proliferation, leading to fibrosis and the development of liver tumors. Conclusion: Liver proliferation drives fibrosis, while steatosis might play a protective role. Therapy for NAFLD should include inhibition of proliferation rather than inhibition of
N onalcoholic fatty liver disease (NAFLD) is a dangerous liver disease that affects many people worldwide and recently became the second cause of liver resections.
(1) Until recently, it was recognized that the primary event of NAFLD is hepatic steatosis or nonalcoholic fatty liver, which causes disease progression leading to cell damage, fibrosis, and nonalcoholic steatohepatitis (NASH). (1) However, our studies of NAFLD under a high-fat diet (HFD) protocol found that the earliest event of NAFLD is the initiation of liver proliferation, which takes place prior to steatosis, suggesting this event might be involved in liver injury. (2) In agreement, it has recently been shown that some strong initiators of liver proliferation and oncogenes are elevated in human liver biopsies from patients and in animal models with NAFLD. These proliferative markers include the elevation of gankyrin (Gank), (2) (3) (4) (5) cyclin-dependent kinase 4 (cdk4), and cyclin D3 (2, 6) and activation of the E2F1 pathway. (7) Several recent reports showed that inhibition of cdk4 prevented and reversed the NAFLD phenotype. (2, 8, 9) Patients with NASH also show elevated cdk4, and the level of elevation correlates with severity of the disease. (9) These observations suggest that liver proliferation is a critical stage of NAFLD.
Gank is a non-adenosine triphosphatase dependent subunit of the 26S proteasome and an oncogene that is expressed in several types of cancer. (10, 11) Gank causes cancer by several cancer-promoting activities, one of which is the elimination of tumor suppressor proteins, such as retinoblastoma (Rb), CCAAT/ enhancer binding protein α (C/EBPα), and hepatocyte nuclear factor 4α (HNF4α). (10) (11) (12) Several recent reports demonstrated that Gank might be a critical driver of NAFLD. It has been shown that the Gank transgenic zebrafish model spontaneously develops hepatic steatosis, fibrosis, and hepatocellular carcinoma (HCC). (4) Gank is elevated in mice with HFDmediated NASH (2) and in patients with NASH. (5) One downstream target of Gank is the RNA-binding protein CUG repeat binding protein 1 (CUGBP1). CUGBP1 was originally discovered as an important player of myotonic dystrophy (13) and as a regulator of skeletal muscle, heart, and brain functions. (14) However, several reports have shown that CUGBP1 is a key protein that regulates liver biology. (2, 15, 16) Because Gank promotes liver proliferation and CUGBP1 promotes steatosis, we generated mice with a liver-specific deletion of Gank (Gank liverspecific knockout [GLKO] mice) (17) and CUGBP1-S302A knockin (KI) mice, which have reduced levels of CUGBP1 and increased proliferation. (3) Using these animal models, we examined the role of proliferation and steatosis in HFD-mediated NAFLD. These studies revealed that liver proliferation is a critical event that is required for the development of fibrosis. Moreover, the increased fat accumulation resulted in inhibition of fibrosis and dramatic improvements of health under conditions of the HFD protocol.
Materials and Methods

antiBoDies anD Reagents
(Cambridge, United Kingdom). Monoclonal anti-β-actin antibody was from Sigma (St. Louis, MO). Co-immunoprecipitation (Co-IP) studies were performed using TrueBlot reagents as described. (2, 3, 6, 9) animal WoRK Experiments with animals were approved by the Institutional Animal Care and Use Committee (IACUC) at Cincinnati Children's Hospital (protocol IACUC2017-0041). Young (2 months old) C57Bl6 mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Liver-specific GLKO mice were generated by crossing Cre-Alb mice with LoxPGank mice. These GLKO mice have been characterized. (17) CUGBP1-S302A KI mice have also been described. (3) Mice were fed regular chow and an HFD as described. (6, 9) In experiments with HFD-treated mice, we used 10 wild-type (WT) and 10 GLKO mice for controls and 10 WT and 10 GLKO mice for HFD treatments. In the studies of spontaneous liver tumor and fibrosis, we analyzed 20 WT and 17 CUGBP1-S302A mice.
Histology anD oil ReD o staining
Livers were fixed overnight in 4% paraformaldehyde, embedded in paraffin, and sectioned at a thickness of 6 μm. For Oil Red O staining, 10-µm liver cryosections were stained with commercially available kits (Oil Red O color solution, Cat# 1.20419.0250; Merck, Germany). Terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL) staining was performed using the ApopTag Peroxidase In Situ Apoptosis Detection Kit (S7100; Millipore, Temecula, CA).
liVeR tRiglyCeRiDe QuantiFiCation assay
Livers (100 mg) were homogenized in 1 mL of 20 mM Tris-HCl buffer (pH 7.5) with protease inhibitors. Three to four animals were used per group. We then added 200 μL triglyceride (TG) reagent (Pointe Scientific, Inc., Canton, MI) to each well containing 10 μL sample, incubated the samples, and read them at 500 nM. Liver TG levels were represented as mg/dL per 100 mg wet liver weight.
Real-time QuantitatiVe ReVeRse-tRansCRiption polymeRase CHain ReaCtion
Total RNA was isolated as described. (2, 9) The following TaqMan probes were purchased from Applied Biosystems (Foster City, CA): β-actin, Mm02619580_g1; HNF4α, Mm01247712_m1; RB1, Mm00485586_m1; TP53, Mm01731290_g1; CUGBP elav-like family member 1 (CELF1), Mm04279608_m1; C/EBPα, Mm00514283_s1; CDK1, Mm01149140_ m1; collagen type I alpha 1 (Col1a1), Mm00801666_ g1; lysyl oxidase-like 2 (Loxl2), Mm01321306_m1; tissue inhibitor of metalloproteinase 1 (TIMP1), Mm01341361_m1; DGAT1, Mm00515643_m1; DGAT2, Mm00499536_m1; 1-acylglycerol-3-phosphate O-acyltransferase 1 (AGPAT1), Mm00479699_ g1; FAS, Mm04206620_m1; actin alpha 2, smooth muscle (ACTA2), Mm00725412_s; cyclin D1 (CCND1), Mm00432359_m1; CCND3, Mm01612362_m1; and cdk4, Mm00726334_s1.
pRotein isolation anD WesteRn Blot
Cytoplasmic and nuclear extracts were isolated from livers as described. (2, 3, 6, 9) Proteins (30-50 μg) were loaded on gradient (4%-20%) polyacrylamide gels, transferred onto nitrocellulose membranes, and probed with antibodies against proteins of interest. To verify protein loading, each filter was reprobed with antibodies to β-actin. Full images of gels are shown in Supporting Figs. S13-S18.
Co-immunopReCipitation
Nuclear extracts were used for Co-IP as described. (2, 16) Proteins from immunoprecipitation were resuspended in 30 µl of loading buffer containing 2% sodium dodecyl sulfate (SDS) and 5% β-mercaptoethanol and boiled for 40 minutes. The 10-µl samples were run in SDS gels (4%-20% gradient; Bio-Rad). TrueBlot mouse and rabbit beads and secondary antibodies were used.
Rna seQuenCing analyses
RNA sequencing (RNA-Seq) analysis was performed with livers of HFD-treated GLKO and CUGBP1 KI mice of different ages. RNA was isolated from three mice per group. RNA-Seq libraries were prepared using the Illumina TruSeq RNA preparation kit and were sequenced on the Illumina HiSeq 2500 using pairedend 100-base pair reads (Illumina, San Diego, CA). Reads were aligned using mm10 annotations produced by the University of California Santa Cruz and were quantified using Kallisto, which accurately quantifies read abundances (in transcripts per million) through pseudo-alignment. Statistical analysis was performed in GeneSpring 13.0. Raw counts were thresholded at 1, normalized using the quantile normalization procedure, and baselined to the median of all samples (n = 25,240 transcripts). Ontological analysis of significantly differential genes was performed in the ToppGene Suite.
statistiCal analysis
All continuous values are presented as mean ± SEM using Microsoft Excel and GraphPad Prism 5.0. Student t tests, one-way analysis of variance (ANOVA), and two-way ANOVA analysis were performed as appropriate. The difference between groups was determined using Fisher's least significant difference post hoc test by setting the significance level at P < 0.05.
Results
glKo miCe Do not DeVelop siCKnesses assoCiateD WitH naFlD
Our previous work found that the HFD protocol initiates liver proliferation at very early stages. (2) Because livers of GLKO mice have reduced capabilities to proliferate, (17) we used this animal model to examine the role of proliferation in NAFLD and show a strategy for these studies in Fig. 1A . WT and GLKO mice were treated with a normal and an HFD for 32 weeks (7 months); development of different stages of NAFLD was examined at 4-8 weeks and 6-7 months. These time points were selected based on results of mouse weight gain. We found that the weight gain of WT and GLKO mice did not differ significantly within 6 months of treatments; however, GLKO mice showed a significant weight loss at 7 months (Fig. 1A) . Although a reason for the loss of weight is not known, it is possible that other tissues are indirectly inhibited in HFD-treated GLKO mice. Most importantly, GLKO mice showed a striking difference in overall phenotype starting from 12 weeks. While HFD-fed WT mice huddled together and were scruffy with hair loss, the HFD-fed GLKO mice remained active, had a smooth coat, and showed no hair loss ( Fig. 1A; Supporting Fig. S1 ). We first investigated early time points (4-8 weeks) with the goal of finding alterations that further led to a healthy phenotype of GLKO mice at 6-7 months. We found that at 4-8 weeks, liver to body weight ratios and levels of serum cholesterol did not differ significantly in WT mice compared to GLKO mice (Supporting Fig. S2A-C) . Slightly higher levels of serum TGs were observed in GLKO mice at 4 and 8 weeks with the HFD protocol (Supporting Fig. S2B ,C). We also found that despite healthy conditions, levels of alanine aminotransferase (ALT) were significantly increased in serum of GLKO mice (Supporting Fig. S2C ). Because the elevation of ALT usually reflects hepatocyte damage, we examined apoptosis using TUNEL staining and found an increase in apoptotic hepatocytes in HFD-treated GLKO mice (Supporting Fig. S2D ). Although a molecular basis for the hepatocyte damage in GLKO mice needs to be investigated, it might be associated with reduced functions of the proteasome as our previous studies showed a reduction in other components of proteasome signaling. (17) Thus, these studies showed that despite healthy conditions at 8 weeks, there is detectable, but not significant, hepatocyte damage in HFD-treated GLKO mice that disappeared at later time points (see below).
HFD-tReateD glKo miCe at 8 WeeKs HaVe seVeRe steatosis, ReDuCeD pRoliFeRation, anD HigHeR leVels oF HnF4α, CugBp1, anD C/eBpα
We next examined hepatic steatosis in WT and GLKO mice at 4 and 8 weeks with the HFD protocol. Surprisingly, Oil Red O staining revealed that livers of GLKO mice have higher steatosis compared to livers of WT mice at both 4 and 8 weeks with the HFD protocol (Fig. 1B) . Interestingly, levels of hepatic TGs were elevated in both WT and GLKO HFD-treated mice with a slightly lower elevation in GLKO mice (Fig. 2B , bar graphs). We next examined expression of key enzymes of the fatty liver phenotype (FAS), enzymes of TG synthesis (glycerol-3-phosphate acyltransferase [GPAT1] and DGAT1), and SCD1 by western blotting (Fig. 1C) . We found that FAS, GPAT1, and DGAT1 were elevated in HFD-treated GLKO mice to a much higher degree than in HFD-WT mice. Because Gank triggers degradation of important regulators of liver functions, such as HNF4α, (12) C/EBPα, (12, 18) and CUGBP1, (2, 17) we compared the levels of these proteins in 8-week HFD-treated WT and GLKO mice. Real-time quantitative reverse-transcription polymerase chain reaction (qRT-PCR) examination of corresponding messenger RNAs (mRNAs) did not show significant differences between WT and GLKO mice or between normal diet (ND) and HFD-treated mice (Supporting Fig. S3 ). However, western blotting revealed significant differences (Fig. 1D,E) . The levels of these proteins were much higher in GLKO HFDtreated mice (Fig. 1E) . While examining the proliferation status of livers, we saw increased expression of proliferation marker cdk4 in HFD-treated WT mice, but this was not detectable in livers of GLKO mice (Fig. 1D) . qRT-PCR also revealed that levels of cyclin D1 were lower in GLKO mice with an ND and an HFD (Supporting Fig. S3 ). These results demonstrate that livers of WT mice proliferate at 8 weeks with the HFD protocol, while livers of GLKO mice do not proliferate. The elevation of CUGBP1, C/EBPα, and HNF4α proteins but not mRNAs in HFD-treated GLKO mice suggests stabilization due to deletion of Gank. Co-IP studies confirmed this and showed no interactions of these proteins with Gank in GLKO mice (Supporting Fig. S4 ). Taken together, studies of WT and GLKO mice at 4-8 weeks with the HFD protocol showed that livers of GLKO mice have increased steatosis, reduced liver proliferation, and elevation of C/EBPα, HNF4α, and CUGBP1. 
HealtHy ConDitions oF 7-montH HFD-tReateD glKo miCe aRe assoCiateD WitH stRong maCRoVesiCulaR steatosis anD inHiBition oF pRoliFeRation
We next investigated the liver in WT and GLKO mice at 6-7 months with the HFD protocol when GLKO mice have a striking difference in health conditions compared to WT mice. Although Oil Red O staining was slightly lower in GLKO mice ( Fig. 2A) than in WT mice, we observed a strong difference in the type of steatosis. While WT mice had predominantly microvesicular steatosis, GLKO mice had mixed steatosis with the majority being macrovesicular steatosis (Fig. 2B) . Quantitation of steatosis revealed that macrovesicular steatosis was 2.5-fold higher in GLKO mice compared to WT mice (Supporting Fig. S5 ). Consistent with hematoxylin and eosin staining and Oil Red O staining, examination of TGs in the liver showed a slightly lower elevation of TGs in livers of HFD-treated GLKO mice compared to livers of WT HFD mice (Fig. 2B, bar graphs) . We examined expression of the enzymes of the fatty liver phenotype and found that the overall levels of enzymes of fatty liver were high in both WT and GLKO HFD-treated mice (Fig. 2D,G,F) . Thus, GLKO mice had an abundance of fat accumulation in the form of macrovesicular steatosis after 7 months of HFD treatments. Examination of liver proliferation in WT and GLKO mice showed that up to 11%-12% of hepatocytes were ki67 positive in WT HFD-treated mice while only 4% of hepatocytes in GLKO mice were ki67 positive (Fig. 2C,E) . Western blotting revealed that cyclin D1, cyclin-dependent kinase 1 (cdc2), and proliferating cell nuclear antigen were increased in WT mice treated with the HFD. However, a weak elevation of these proteins and mRNAs was observed in livers of HFD-treated GLKO mice (Supporting Fig. S6 ).
glKo miCe Do not DeVelop FiBRosis unDeR tHe HFD pRotoCol oF naFlD
We examined global alterations of gene expression using RNA-Seq. The heat map showed multiple differences in gene expressions between untreated and HFD-treated WT and GLKO mice (Fig. 3A) . Compared to mice treated with an ND, HFD-treated WT mice had 407 genes with altered expression while HFD-treated GLKO mice had 285 genes with an alteration (Fig. 3B; Supporting Fig. S7 ). Among these genes, only 96 genes had identical changes; the remaining genes represented different signaling pathways (Fig. 3B) . Most importantly, we found alterations involving liver fibrosis and cirrhosis in Gank-dependent pathways ( Fig. 3C; Supporting  Fig. S7) . Notably, the steatohepatitis pathway was elevated in WT mice but there was no elevation in GLKO mice. To further compare fibrosis in HFDtreated WT and GLKO mice, we stained livers of HFD-treated WT and GLKO mice with sirius red. This staining showed perisinusoidal focal fibrosis in livers of WT mice. In contrast, HFD-GLKO mice did not have fibrosis (Fig. 4A) . Among four examined GLKO mice, we detected one mouse with very weak perisinusoidal fibrosis. However, this mouse had microvesicular steatosis while other fibrosis-negative GLKO mice had more fat accumulation in the form of macrovesicular steatosis. Sirius red staining showed that GLKO mice with severe macrovesicular steatosis did not develop fibrosis. To obtain more evidence for this conclusion, we examined the expression of three markers of fibrosis: Loxl2, TIMP1, and Col1a1. These markers were elevated in WT mice treated with the HFD; however, weak to no activation was observed in HFD-treated GLKO mice (Fig. 4B) .
Key RegulatoRs oF liVeR
Biology C/eBpα, HnF4α, CugBp1, RB, anD p53 aRe inCReaseD in liVeRs oF HFD-tReateD glKo miCe at 7 montHs RNA-Seq results represent alterations of mRNAs, but because Gank regulates the stability of proteins, direct Gank-dependent alterations might exist mainly at the protein level. Therefore, we examined the known targets of Gank in WT and GLKO mice at 7 months of HFD treatments. Because Gank promotes liver proliferation by triggering the degradation of inhibitors of liver proliferation (C/EBPα, HNF4α, CUGBP1, Rb, and p53) (2, 17) and given the reduction of liver proliferation in GLKO mice treated with an HFD, these proteins were examined. Analyses of mRNAs for these proteins showed no elevation in livers of HFDtreated WT and GLKO mice ( Supporting Fig. S6) ; however, we found a significant increase of the proteins (Fig. 4C,D) . The Co-IP approach showed interactions of all these proteins with Gank in WT mice, with stronger interactions in HFD-treated mice, Protein levels of C/EBPα, ph-S193-C/EBPα, CUGBP1, HNF4α, Rb, Rb-S780-ph, p53, and MDM2 were determined in nuclear extracts isolated from livers of HFD-treated GLKO mice by western blotting. For Gank IP, Gank was immunoprecipitated and levels of C/EBPα, CUGBP1, HNF4α, Rb, and p53 were determined from these immunoprecipitations. (D) Protein levels C/EBPα, CUGBP1, HNF4α, Rb, ph-Rb, and p53 were calculated as ratios to β-actin, *P < 0.05 WT ND versus WT HFD; #P < 0.05 GLKO ND versus GLKO HFD; €P < 0.05 WT HFD versus GLKO HFD. (E) Hypothesis for the molecular basis of the improvements of health in GLKO mice treated with an HFD. Abbreviations: CRM, Cross reactive molecule; tot, total; UP, up-regulated.
suggesting that these proteins are partially degraded in WT mice by the Gank-proteasome system (Fig. 4C,D) . No interaction of these proteins with Gank was found in GLKO mice, strongly suggesting that the elevation of C/EBPα, HNF4α, p53, CUGBP1, and Rb proteins in GLKO mice is due to stabilization. To address this possibility, we examined Gank-dependent mechanisms that might be involved in the partial reduction of these proteins in HFD-treated WT mice and might be inhibited in GLKO mice. It has been shown that Gank triggers a degradation of C/EBPα and Rb when these proteins are phosphorylated (ph) at ph-insulin receptor substrate 1 (Ser302) and ph-Rb (Ser780), respectively. (2, 17) Therefore, we examined the phosphorylation status of these proteins using specific antibodies. These studies revealed that phosphorylation of C/EBPα and Rb was increased by an HFD in both WT and GLKO mice; however, amounts of these proteins were higher in GLKO mice, perhaps due to a lack of degradation by Gank (Fig. 4C,D) . Because ph-S193-C/EBPα is a strong inhibitor of liver proliferation, the higher levels of ph-S193-C/EBPα provide an additional possible mechanism of inhibition of proliferation in HFD-treated GLKO mice. We next examined levels of MDM2 ligase, which Gank stabilizes and reduces levels of p53. These studies revealed that MDM2 is increased in WT HFD-treated mice but not in GLKO HFD-treated mice (Fig. 4C ). Taken together, these studies strongly suggest that C/EBPα, Rb, and p53 are stabilized in GLKO mice under the HFD protocol.
The elevation of these key regulators of liver biology in HFD-treated GLKO mice also suggested that the "healthy" phenotype of GLKO mice and the inhibition of fibrosis might be associated with the positive effects of these proteins on liver functions. To test this suggestion, we compared blood parameters of WT and GLKO mice and found that GLKO mice had lower ALT/aspartate aminotransferase levels and levels of ALP while TG and cholesterol did not differ (Supporting Fig. S8A ). Because HFD-treated GLKO mice showed hepatocyte damage at 8 weeks (see Supporting  Fig. S2B,C) , we performed TUNEL staining with livers of GLKO mice at 7 months after HFD treatments. These studies demonstrated no differences in damage of hepatocytes in GLKO mice compared to WT mice (Supporting Fig. S8B ). Taken together, these findings and data for HFD-treated mice at 8 weeks ( Figs. 1 and 2 ) led us to conclude that increased protein levels of the key regulators of liver biology (C/EBPα, HNF4α, CUGBP1, p53, and Rb) in GLKO mice provide healthy conditions and inhibit development of fibrosis under an HFD protocol (Fig. 4E ).
CugBp1 s302a Ki miCe HaVe ReDuCeD leVels oF CugBp1, ReDuCeD steatosis, anD inCReaseD liVeR pRoliFeRation unDeR tempeRatuRe-stResseD Housing ConDitions
One of the key proteins that provides resistance to fibrosis in GLKO mice is the RNA-binding protein CUGBP1. Therefore, we examined steatosis in CUGBP1-S302A mice in which the mutant CUGBP1 is reduced by Gank-mediated degradation. (3) It has been recently shown that housing temperature controls development of NAFLD. (19) Because our previous investigations of these mice were conducted at the Baylor College of Medicine under thermoneutral housing conditions (30°C) (3) and because housing conditions at the Cincinnati Children's Hospital Medical Center have a temperature of 22°C, we initially performed examination of global changes of signaling pathways in CUGBP1 KI mice under 22°C housing using RNA-Seq. In agreement with previous studies, (3) levels of mutant CUGBP1 were reduced in livers of CUGBP1 KI mice (Fig. 5A, top) . RNA-Seq analysis showed a dramatic difference in the transcriptome profile of age-matched WT and CUGBP1-S302A mice. A comparison of differentially activated pathways identified a reduction of several pathways that promote steatosis, including synthesis of TGs, cholesterol metabolism, and cellular response to oxidative stress ( Fig. 5B; Supporting Fig. S9 ). Therefore, we examined hepatic steatosis in 3-month-old WT and CUGBP1 KI mice. Oil Red O staining revealed that hepatic steatosis was reduced in CUGBP1 KI mice and that this difference was maintained at 12 months (Fig. 5C ). qRT-PCR and western blotting of enzymes of fatty liver confirmed that DGAT1/2, AGPAT1, and FAS were lower in CUGBP1-S302A mice (Figs. 5D and 6A,B) . We next examined proliferation in CUGBP1 KI mice and found that up to 4% of CUGBP1-S302A hepatocytes but less than 0.5% of hepatocytes in WT mice were ki67 positive (Fig. 5C,D) . Western blotting showed a 3-fold to 5-fold elevation of cyclin D1, confirming the increase of liver proliferation in young CUGBP1-S302A mice (Fig. 6A,B) . Thus, these studies revealed that young CUGBP1-S302A mice have reduced steatosis and increased liver proliferation.
ReDuCtion oF steatosis anD inCReaseD pRoliFeRation in CugBp1 Ki miCe leaD to spontaneous DeVelopment oF FiBRosis anD liVeR tumoR
We next examined the consequences of reduced steatosis in young CUGBP1 KI mice. We aged out the CUGBP1 KI mouse colony and sacrificed mice at 18-20 months and 22-26 months. CUGBP1 KI mice present with spontaneous tumors as they age, and the highest prevalence of tumors was found in the 18-20-month age group (CUGBP1 KI 29% compared to WT 12%). WT mice had the highest prevalence of spontaneous tumors at 22-26 months at 33% compared to 25% in CUGBP1 KI mice of the same age. These data showed that CUGBP1 KI had accelerated development of spontaneous tumors compared to WT mice and that CUGBP1 KI mice were already sick due to tumors by 22-26 months. This explains why WT mice had increased tumor prevalence at the later stage. Among 17 CUGBP1 KI mice examined, seven animals developed spontaneous liver tumors at age 18-20 months while 10 mice did not show liver tumors. None of the WT mice developed tumors at age 18-20 months. Livers of WT mice and liver tumors of CUGBP1 KI mice are shown in Fig. 6C . We next assessed liver proliferation and found a dramatic elevation of ki67-positive hepatocytes in all seven CUGBP1-KI mice with liver tumors that we examined. We also found that levels of cdc2 were elevated in CUGBP1 KI mice with liver tumors (Fig. 7E) . Three approaches (sirius red staining; α-smooth muscle actin staining; and examination of levels of markers of fibrosis TIMP1, Col1a1, and Loxl2) identified fibrosis in all examined CUGBP1 KI mice with tumors (Fig. 6C,D) . In summary, investigations of old CUGBP1 KI mice showed that the reduction of steatosis and the increased proliferation in these mice at a young age resulted in development of fibrosis and acceleration of liver tumor development at 17-22 months of age (Fig. 6E ).
DeVelopment oF FiBRosis anD liVeR tumoR in CugBp1
Ki miCe is assoCiateD WitH multiple CHanges in signaling patHWays, inCluDing ReDuCtion oF CugBp1, C/eBpα, anD HnF4α
To examine if additional CUGBP1-dependent pathways might be involved in the development of fibrosis and liver tumors, we performed RNA-Seq of five CUGBP1 KI mice with fibrosis and tumors and three control WT mice of the same age. Comparison of the differentially expressed genes is shown in Fig. 7A , and comparison of the altered pathways is shown in Fig. 7B and Supporting Figs. S10 and S11. The most dramatic differences were observed in the list of down-regulated pathways. Those included NAFLD pathways, mitochondrial dysfunctions, and pathways of DNA repair (Fig. 7B) . To confirm RNA-Seq results for NAFLD, we performed qRT-PCR for key enzymes of fatty liver (FAS and DGAT2) and found that both were reduced 3-fold to 5-fold in CUGBP1 KI mice (Supporting Fig. S12A ).
We next examined steatosis and proliferation in different areas of livers of CUGBP1 KI mice that developed fibrosis and tumors. Oil Red O staining showed reduced steatosis in whole livers of CUGBP1 KI mice (Fig. 7C) . A similar reduction of steatosis was observed in nontumor regions of mice with tumors. However, the tumor regions of CUGBP1 KI livers showed elevation of mild steatosis (Fig. 7C) and a high rate of proliferation (Fig. 7E) . Examination of hepatic TGs showed a reduction of TGs in livers of CUGBP1 KI mice that had developed tumors (Fig. 7D) . Given the elevation of C/EBPα and HNF4α in GLKO mice and a possible role of these proteins in the prevention of fibrosis, we examined their expression in CUGBP1 KI mice. These studies showed that in addition to CUGBP1, C/EBPα and HNF4α were reduced in livers of CUGBP1 KI mice with fibrosis and tumors ( Fig. 7F; Supporting  Fig. S12B ). Examination of phosphorylation of C/EBPα at Ser193 revealed that this growth inhibitory isoform was not detected in CUGBP1-S302A mice (Fig. 7F) , which have increased proliferation, developed fibrosis, and tumors. Examination of cdc2 and Gank showed that these proteins were elevated in livers of CUGBP1 KI mice with fibrosis and tumors. Thus, examination of CUGBP1 KI mice showed that reduced steatosis and increased proliferation in whole livers led to development of fibrosis and tumors and that a mild increase in steatosis in tumor sections was not sufficient for inhibition of fibrosis. These results are summarized in Fig. 7G .
Discussion
Hepatic steatosis is characterized by accumulation of fat in hepatocytes without liver injury and has been considered to be the first step of NAFLD, leading to more severe stages of fibrosis and NASH.
(1) However, our current work challenges this assumption and presents evidence that the development of drugs for inhibition of steatosis might not be sufficient and that therapeutic approaches for NAFLD should include drugs that inhibit liver proliferation. As many other groups, we initially focused our work on the pathways that lead to hepatic steatosis and on a search for small molecules that might inhibit steatosis. (2, 6, 8, 9) In the course of these studies, we found that cyclin D3-cdk4 phosphorylates C/EBPα at Ser193 and increases formation of C/EBPα-p300 complexes, which in turn activate enzymes of TG synthesis and cause hepatic steatosis. (2) In addition to cdk4, several recent papers provide evidence that a number of strong initiators of liver proliferation and oncogenes are elevated in human liver biopsies from patients with NAFLD and in animal models of NAFLD at early stages of the disease. (2, 4, 5, 7) Previous studies suggested that hepatic steatosis causes further steps of NAFLD. However, we have surprisingly found that despite a higher degree of hepatic steatosis, HFD-treated GLKO mice appeared much healthier than HFD-treated WT mice and did not develop fibrosis at 6-7 months. In agreement with the protective role of steatosis, Diehl's group (20) reported that the inhibition of a key enzyme of TG synthesis, DGAT2, inhibits steatosis but increases fibrosis. It is interesting to note that not all GLKO mice with predominant macrovesicular steatosis developed fibrosis. We suggest that advanced macrovesicular steatosis protects liver from fibrosis and that liver proliferation may cause fibrosis.
Searching for molecular mechanisms, we found that stabilization of key regulators of liver biology (C/EBPα, HNF4α, CUGBP1, Rb, and p53) under conditions of an HFD contributes to inhibition of steatosis. In agreement with this, several reports from Habib's group (21) showed that the elevation of C/EBPα by a short-activating RNA causes inhibition of liver cancer, metastasis, (22, 23) cirrhosis, fibrosis, and hepatosteatosis. (24) In agreement with these observations, HFD-treated GLKO mice and C/EBPα-S193A mice have reduced C/EBPα and increased proliferation and spontaneously develop fibrosis and HCC, (25) a situation observed in CUGBP1-S302A mice. These published results strongly support the hypothesis that the elevation of C/EBPα in GLKO mice and a reduction of C/EBPα in CUGBP1 KI mice are involved in development of the healthy or sick phenotypes, respectively, of these mice. Our findings and published (25) with C/EBPα-S193A mice demonstrating similar mechanisms. Abbreviations: Down, down-regulated; mo, months; UP, up-regulated.
observations are summarized in Fig. 8 . Identification of liver proliferation as an essential driver of fibrosis in NAFLD but steatosis as a neutral or possible protective event could change strategies for development of therapies. We suggest that, similar to the healthy conditions of HFD-treated GLKO mice, new approaches to inhibit the proliferation in patients with NAFLD will provide higher quality of life conditions.
